Insect-induced defenses occur in nearly all plants and are regulated by conserved signaling pathways. As the first described plant peptide signal, systemin regulates antiherbivore defenses in the Solanaceae, but in other plant families, peptides with analogous activity have remained elusive. In the current study, we demonstrate that a member of the maize (Zea mays) plant elicitor peptide (Pep) family, ZmPep3, regulates responses against herbivores. Consistent with being a signal, expression of the ZmPROPEP3 precursor gene is rapidly induced by Spodoptera exigua oral secretions.
At concentrations starting at 5 pmol per leaf, ZmPep3 stimulates production of jasmonic acid, ethylene, and increased expression of genes encoding proteins associated with herbivory defense. These include proteinase inhibitors and biosynthetic enzymes for production of volatile terpenes and benzoxazinoids. In accordance with gene expression data, plants treated with ZmPep3 emit volatiles similar to those from plants subjected to herbivory. ZmPep3-treated plants also exhibit induced accumulation of the benzoxazinoid phytoalexin 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside. Direct and indirect defenses induced by ZmPep3 contribute to resistance against S. exigua through significant reduction of larval growth and attraction of Cotesia marginiventris parasitoids. ZmPep3 activity is specific to Poaceous species; however, peptides derived from PROPEP orthologs identified in Solanaceous and Fabaceous plants also induce herbivory-associated volatiles in their respective species. These studies demonstrate that Peps are conserved signals across diverse plant families regulating antiherbivore defenses and are likely to be the missing functional homologs of systemin outside of the Solanaceae.
tritrophic interactions | molecular ecology | innate immunity | secondary metabolism P lants respond to herbivore attack with sophisticated and dynamic immune responses that result in a suite of induced defenses. These responses include structural fortifications such as thorns, trichomes, and cell-wall strengthening, as well as biochemical defenses. For example, antinutritive proteinase inhibitors (PINs) are locally and systemically induced upon insect attack, but many other proteins contribute to antiherbivory responses as well (1). Enzymes such as polyphenol oxidase and threonine deaminase limit protein availability in the midgut, whereas others destabilize insect peritrophic membranes (2-4). Plants also draw upon a complex arsenal of small molecule chemical defenses including terpenoids, alkaloids, phenylpropanoids, glucosinolates, benzoxazinoids, and nonprotein amino acids (5, 6) . These metabolites can act as feeding deterrents or negatively impact growth and fitness via direct toxicity or mimicry of insect hormones (5, 7) .
Herbivory also stimulates emission of a complex blend of volatiles that function as indirect defenses through oviposition deterrence and attraction of natural enemies such as parasitoids and predators (8) (9) (10) (11) (12) . These volatiles are also implicated in plant priming effects, alerting closely neighboring plants or tissues to potential attack and enabling a stronger and swifter response (13, 14) . As herbivory-induced volatile production is conserved across diverse plant species and perceived across trophic levels, these volatiles exert wide-ranging effects on ecological communities (15, 16) . Not surprisingly, a critical focus has been to understand how these responses are regulated (17) .
Herbivores are initially perceived by plants through detection of mechanical damage and exposure to elicitors present in oral secretions while feeding, or prior to herbivory, via elicitors contained in oviposition fluid (18) (19) (20) (21) (22) . Although receptors for herbivore-derived elicitors have not yet been identified, recognition occurs upon exposure to trace levels and is confined to subsets of plant species, indicating that perception is likely to be receptor mediated (23) . Herbivory or elicitor treatment triggers a number of signaling processes conserved across species, including calcium flux; MAP kinase activation; and production of secondary signals such as reactive oxygen species (ROS), nitric oxide (NO), and the phytohormones jasmonic acid (JA), ethylene (ET), and salicylic acid (SA) (5, 17, (23) (24) (25) (26) .
Over 20 y ago, the 18-aa-peptide signal, systemin, was discovered to be a potent regulator of antiherbivore defenses (27) . Systemin promotes proteinase inhibitor accumulation, volatile emission, and is critical to resistance against Lepidopteran herbivores in tomato (27) (28) (29) . Many of the signaling events induced by herbivory were initially described in tomato and as systemininduced responses, including calcium signaling, activation of MAP kinase activity, and production of the ROS, NO, ET, and oxylipin secondary signals (30) (31) (32) (33) (34) (35) . Although both signaling and downstream antiherbivore responses similar to those induced by systemin are conserved across the plant kingdom, involvement of peptide regulators has thus far appeared to be specific to the Solanaceae. Peptides similar to systemin, termed hydroxyproline systemins, have been discovered in other Solanaceous species and similarly activate accumulation of proteinase inhibitors and contribute to resistance (36) (37) (38) (39) . However, orthologous peptides with systemin-like activity have remained elusive in other plant families, raising numerous questions regarding the evolution of herbivory-associated peptide signals. Whether this elusiveness is because such peptides evolved only in the Solanaceae or because the amino acid sequence of functional orthologs in other species diverged to the point of being unrecognizable was unknown.
In the past decade, a number of plant peptides have been identified as defense-related signals in non-Solanaceous species; however, their activities have been consistent with antipathogen defenses (40) (41) (42) . Among these are the plant elicitor peptides (Peps) isolated from Arabidopsis thaliana. A. thaliana plant elicitor peptide 1(AtPep1) activates expression of pathogen defense genes and confers disease resistance when ectopically expressed (40, 43, 44) . Notably, Peps are the only family of plant defense peptide signals for which gene orthologs have been identified in numerous species through amino acid sequence homology (40) . A maize ortholog, Zea mays plant elicitor peptide 1 (ZmPep1), was recently demonstrated to be functionally homologous, promoting accumulation of transcripts and metabolites associated with pathogen defense and enhancing resistance to multiple fungi (45) . Pep-induced signaling initiates via binding to the plant elicitor peptide receptor (PEPR) LRR receptor kinases and involves secondary signals similar to those induced by herbivory and systemin, including production of the phytohormones JA and ET, calcium, ROS, and NO (40, (43) (44) (45) (46) (47) . Through examination of maize Pep family activity, we demonstrate that one member, ZmPep3, strongly regulates direct and indirect antiherbivore defenses and that Pep regulation of herbivore-associated responses is a conserved motif across diverse plant species.
Results and Discussion
Maize Pep Regulates Herbivore-Induced Defenses. The gene encoding ZmPROPEP1, precursor to the maize defense peptide ZmPep1, belongs to a five-gene family (Fig. 1A) . Each encoded protein conforms to the established characteristics of PROPEP precursors, lacking a classical secretion signal but containing an amphipathic helix domain and predicted to liberate 23-aa bioactive peptides from the carboxyl terminus (40, 45, 48) . Each ZmPep contains a conserved core motif in the carboxyl region similar to the A. thaliana AtPeps. However, whereas the amino end of AtPeps is highly enriched in lys/arg residues, the amino terminal region of the ZmPeps is proline rich (40) .
ZmPep1 promotes accumulation of metabolites associated with pathogen defense, such as benzoxazinoids and pathway precursors including indole and anthranilate (45) . Indole and methyl anthranilate are also components of maize herbivoreinduced volatiles that attract natural enemies of attacking herbivores (9, 49, 50) . To ascertain whether any of the five ZmPeps activate volatile emissions, excised leaves were provided ZmPeps for 16 h. Analysis revealed emission of indole and herbivoryassociated terpene volatiles (Fig. 1B) . Whereas four of the five peptides stimulated volatile emissions significantly greater than those produced by water-treated leaves, ZmPep3 induced the highest average rate of production. Comparative dose-response experiments confirmed that ZmPep3 is the strongest elicitor of both indole and terpene emission, acting at levels as low as 2-20 pmol·g −1 leaf fresh weight (FW) (Fig. 1 C and D) . Treatment with ZmPep3 promoted volatile emission in a number of maize varieties and resulted in release of a blend qualitatively matching that induced by Spodoptera exigua herbivory (Figs. S1 and S2). The ZmPeps are naturally occurring variants of a similar amino acid motif, yet ZmPep3 is a potent elicitor of emissions, whereas ZmPep5 is statistically inactive and a functional negative control. This disparity in activity implies that ZmPep3-induced volatile emission results from a specific interaction that is abolished by amino acid differences between ZmPeps.
To examine ZmPROPEP3 transcript accumulation following herbivore elicitation, S. exigua oral secretions (OS) were applied to scratch-wounded intact leaves. Consistent with ZmPep3 as a candidate signal regulating herbivory-associated volatiles, transcripts encoding ZmPROPEP3 rapidly accumulated in response to OS, whereas expression of the pathogen-inducible precursor gene ZmPROPEP1 did not ( Fig. 1 E and F) . Transcripts for both precursor genes accumulated after scratch-wounding plus application of 100 nmol JA . However, the temporal expression patterns differed, with ZmPROPEP3 transcript levels increasing in a faster but more transient manner. Queries of maize proteome data representing profiles of 34 distinct tissue types and developmental stages revealed that ZmPROPEP1 (Fig. S3 ) and ZmPROPEP2 precursors are present at detectable levels in the absence of biotic stress. However, ZmPROPEP3 precursor protein was not observed in unchallenged tissues. Taken together, the potent picomolar activity, volatile elicitation, and induced precursor gene expression support a role for ZmPep3 in regulating responses to herbivory (Fig. S4 ).
ZmPep3 Activates Production of JA, ET, and Expression of Associated
Biosynthetic Genes. The elicitor-induced phytohormones JA and ET function as signals integral to the initiation of protective responses against pathogens and herbivores (5). N-linolenoyl-Lglutamine (Gln-18:3) is an elicitor present in the oral secretions of many Lepidopteran species, which exhibits strong activity in promoting both phytohormone production and emission of herbivory-associated volatiles (23, 51) . Because insect oral secretions induced expression of the ZmPROPEP3 precursor gene, it may be that ZmPep3 mediates signaling in response to oral secretions and elicitors such as Gln-18:3. Relative concentrations of Gln-18:3 and ZmPep3 in leaf tissue subjected to herbivory are not known, and thus we examined equivalent molar quantities to probe the potency of ZmPep3 in regulating hormone biosynthesis and other responses using Gln-18:3 as a positive control. In a comparative treatment of excised leaves supplied with equivalent quantities of either ZmPep3 or Gln-18:3, both resulted in elicitation of JA and ET synthesis ( Fig. 2 A and B) . However, ZmPep3-induced increases were of greater magnitude and longer duration. Both ZmPep3 and Gln-18:3 treatments caused significantly increased accumulation of Indole emitted from ZmPep1-or ZmPep3-treated leaves. Expression of the genes encoding ZmPROPEP3 (E) and ZmPROPEP1 (F), respective precursor proteins to ZmPep3 and ZmPep1, in intact leaves treated with water (black), 100 nmol jasmonic acid (JA, green), or 5 μL S. exigua oral secretions (OS, blue) as measured by qRT-PCR. Within each plot, different letters (a-d) represent significant differences between mean values (n = 4, ± SEM; all ANOVAs, P < 0.015; Tukey test corrections for multiple comparisons, P < 0.05).
transcripts encoding biosynthetic enzymes for ET and JA, 1-aminocyclopropane-1-carboxylate (ACC) oxidase, allene oxide synthase (AOS), and allene oxide cyclase (AOC) (Fig. 2C) .
The role of JA in defense was first described in the context of peptide-activated responses to herbivory; systemin triggers JA synthesis, and JA treatment results in expression of genes encoding both the prosystemin precursor and systemin-regulated defense genes (30, 35, 52) . This amplification loop functions to propagate initial wound signals into systemic plant defense responses (35, 53, 54) . Systemin is not mobile, but systemin-mediated amplification of jasmonate production in vascular tissues promotes long-distance defense responses. Plant elicitor peptides are also postulated to act as amplifiers in defense signaling cascades (55) . Activation of Peps by exposure to elicitors or defensive phytohormones is likely to propagate defensive signaling temporally and spatially (55) . Increased expression of maize ZmPROPEP3 and ZmPROPEP1 in response to JA is consistent with a role in signal amplification. Subsequent production of JA and ET in response to Peps functionally completes this signaling amplification cycle (45, 46; Fig. S5 ).
ZmPep3 Stimulates Indirect Defense Responses That Are Sufficient to
Attract Parasitoid Natural Enemies. Induced terpene production is vital to antiherbivore defenses in many plant species (12, 56, 57) . Gln-18:3 is among the strongest known elicitors of herbivoryinduced maize terpene volatiles, and ZmPep3 displays similar activity when supplied to excised leaves at equivalent molar concentrations (Fig. 3A) (23, 51) . Both strongly activate expression of genes encoding terpene synthases (TPSs) 10 and 23, enzymes for biosynthesis of E-α-bergamotene, and E-β-caryophyllene production, respectively (58, 59) (Fig. 3B) . Although there was no significant quantitative difference in terpenes emitted by leaves treated with ZmPep3 versus Gln-18:3, TPS10 and TPS23 gene expression was more strongly induced by the peptide. These results correspond to significantly greater accumulation of terpenes associated with volatile emission in ZmPep3-treated leaves when internal pools were measured before volatile collection (Fig. S6A) .
Shikimate pathway-derived volatile components, including anthranilate and indole increased in leaves following ZmPep3 and Gln-18:3 treatment; however, the peptide caused significantly greater accumulation (Fig. 3B and Fig. S6B ). Indole emission also increased above damage alone in ZmPep3-treated, but not Gln-18:3-treated leaves (Fig. 3A) . Interestingly, despite differences at the metabolite level, expression of genes encoding the relevant biosynthetic enzymes, anthranilic acid methyl transferase 1 (AAMT1) and indole-3-glycerol phosphate lyase (IGL) were induced by both peptide and the insect elicitor (Fig. 3B) (49, 50) .
ZmPep3 elicits the same spectrum of volatile components as S. exigua herbivory (Fig. S2) , indicating that peptide-treated leaves may also be attractive to entomoparasitic wasps. The generalist parasitoid Cotesia marginiventris attacks many Lepidopteran species including S. exigua and is attracted to herbivory-induced maize volatiles (9) . Precisely which components are attractive has been difficult to determine; wasps respond to unidentified minor components (60) . To determine whether the ZmPep3-induced blend was attractive to naïve C. marginiventris, olfactometer assays were conducted with leaves pretreated with ZmPep3, Gln-18:3, or water for 16 h. To ensure that any preference was due to elicited plant responses and not to an inherent attraction or repellence to any treatment substance, control solutions containing the different elicitors were used. The attractiveness of the different control solutions did not differ significantly (Tukey's honestly significant difference following ANOVA; water vs. Gln-18:3, P = 0.9999; water vs. ZmPep3, P = 0.4922; and ZmPep3 vs. Gln-18:3, P = 0.5697). When leaves were pretreated with 200 pmol·g −1 FW ZmPep3, they were strongly preferred by wasps compared with the paired solution control (Fig. 3C) . In contrast, C. marginiventris did not display a statistically significant preference for leaves pretreated with either water or Gln-18:3 (Fig. 3C ). Whereas treatment of maize plants with purified fatty acid amide elicitors has been demonstrated to attract Microplitis croceipes, we did not observe significant attraction of C. marginiventris in these assays to Gln-18:3-treated leaves with the 200 pmol·g −1 FW dose (61) . Although of equal molarity to the applied ZmPep3, this quantity is likely less than would be deposited via oral secretions during feeding. In a second experiment, we compared the capacity of ZmPep1 and ZmPep3 to attract C. marginiventris (Fig. S4B) . As before, ZmPep3-treated leaves were highly attractive to the parasitoid, whereas ZmPep1 did not elicit significant attraction compared with the solution control. Together the data indicate that ZmPep3-induced responses generate effective direct and indirect defenses against Lepidopteran herbivores. 
ZmPep3 Promotes Direct Defenses Against Herbivores That Inhibit
Insect Larval Growth. A microarray analysis of transcript levels in excised leaves that were treated for 12 h with either water or ZmPep3 revealed that the most highly up-regulated probe set in ZmPep3-treated leaves corresponded to the Bowman-Birk type proteinase inhibitor SerPIN (Dataset S1). Two additional Bowman-Birk type PIN genes, including wound induced protein 1 (WIP1), were also among the most induced probe sets. Analysis by qRT-PCR validated that both SerPIN and WIP1 were highly expressed in leaves treated with ZmPep3 and to a lesser degree, with Gln-18:3 (Fig. 4A) . PINs inhibit insect digestive enzymes and result in reduced larval growth and the discovery that PINs accumulate in response to herbivory contributed to the paradigm of rapidly inducible defenses in plants (1, 62) . The assay that identified systemin as a signal regulating tomato defenses was based upon induced PIN accumulation (27) . Although this herbivoreinduced response is conserved across many plant families, regulation of PIN transcription by endogenous plant peptides had not been observed previously outside of the Solanaceae. In addition to proteinaceous defenses, maize benzoxazinoids contribute to direct defenses against both herbivores and pathogens (63) . Indole is produced by the indole glycerol lyase benzoxazine-deficient 1 (BX1) and modified by a series of cytochrome P450 enzymes (BX2-BX5) (64) . The microarray probe sets corresponding to BX1 and BX2 were up-regulated by ZmPep3 treatment, and qRT-PCR confirmed that both genes were expressed in response to ZmPep3 or Gln-18:3 12-h posttreatment (Dataset S1 and Fig. 4B ). This BX gene expression corresponds to increased accumulation of a single benzoxazinoid, 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside (HDMBOA-Glc), a highly reactive analog that is also induced by treatment with ZmPep1, JA, or biotic attack (Fig. 4C) (65, 45) . It was observed recently that intact BX1 function is not required for HDMBOA-Glc accumulation, with IGL being the suspected supplier of indole (66) . Simultaneous activation of both IGL and BX1 by ZmPep3 may result in increased flux through the benzoxazinoid pathway to produce HDMBOA-Glc.
To assess the role of ZmPep3-induced direct defenses, S. exigua growth on peptide-pretreated leaves was evaluated. Compared with individuals supplied with untreated or water-treated leaves, larvae displayed significantly less biomass gain on ZmPep3-treated leaves (Fig. 4D ). This effect was expected given the broad suite of defenses induced by ZmPep3. The antidigestive and growthinhibiting properties of proteinase inhibitors against larvae have been well characterized (62) . HDMBOA_Glc is also is an important component of anti-Lepidopteran defense; associated with resistance to Diatraea grandiosella, Spodoptera littoralis, and Spodoptera frugiperda (63, 65, 67, 68) . HDMBOA aglycone released upon tissue damage is more resistant to detoxification than other benzoxazinoids. The specialist herbivore S. frugiperda detoxifies many benzoxazinoid aglycones through reglucosylation, but it is incapable of reconjugating HDMBOA (68) .
Plant Elicitor Peptides from Other Species Act as Signals to Regulate
Herbivore Defenses. Pep orthologs have been discovered in silico from a diverse array of species and characterized as speciesspecific signals (40, 43) . Nevertheless, predicted Pep sequences from rice and sorghum gene orthologs are similar to ZmPeps in amino acid composition (Dataset S2). To examine potential cross-species functionality, peptide orthologs from both species were assayed for maize volatile elicitation (Fig. S7) . Maize leaves produced the full spectrum of herbivory-associated volatiles in response to both Oryzae sativa (OsPep2) and Sorghum bicolor (SbPep1), and to the same magnitude as those induced by ZmPep3 (Fig. 5A) . These results indicate that Pep activity is more properly classified as family-rather than species specific.
Both herbivory-induced volatile emission and PROPEP gene orthologs occur across the plant kingdom, and thus Pep-mediated volatile regulation may be a conserved biological theme. Representative Fabaceous (Glycine max, soybean) and Solanaceous (Solanum melongena, eggplant) species for which both herbivoryassociated volatiles and PROPEP gene orthologs have been identified were selected for examination (Fig. S7) . In both soybean and eggplant, treatment of leaves with S. exigua OS stimulates expression of G. max PROPEP 3 (GmPROPEP3) or S. melongena PROPEP 1 (SmPROPEP1) precursor genes to levels greater than water treatments (Fig. 5B) . As ZmPROPEP3 was also responsive to S. exigua oral secretions, these results indicated that the encoded candidate GmPep3 and SmPep1 peptides might have a role related to herbivore defense. Correspondingly, treatment of eggplant leaves with SmPep1 induced volatile emission, as did treatment of soybean leaves with GmPep3 ( Fig. 5 C and D) . As observed in maize, other Solanaceous Peps [Capsicum annum Pep 1 (CaPep1) and Solanus tuberosum Pep 1 (StPep1)] had volatile-promoting activity in eggplant, whereas GmPep3 and ZmPep3 did not (Fig.  5C and Fig. S7) . Similarly, soybean volatile emission was promoted by other Fabaceous Peps, namely Medicago truncatula Pep 1 (MtPep1) but not by SmPep1 or ZmPep3 (Fig. 5D and Fig. S7 ). Thus, Pep activity is largely specific to their native plant families, yet the function of Peps as regulators of herbivory-associated volatiles appears conserved across diverse plant species.
The seeming isolation of systemin-like peptides to Solanaceous species implied that peptides were not a conserved signaling mechanism regulating antiherbivore responses, but rather an isolated case of specialized evolution peculiar to the Solanaceae. However, the prevalence of plant elicitor peptides across wide ranging plant families and functional conservation indicates that they are an ancient class of signals regulating numerous suites of defense responses. In addition to Peps mediating innate immunity against pathogens, other Peps are regulators of herbivore defense, and have conserved activity across plant species as functional homologs of systemin. 
Materials and Methods
Plant and Insect Materials. Unless otherwise indicated, experiments were performed using Z. mays var. Golden Queen; additional experiments included Z. mays vars. B73, NC358, and Silver Queen, S. melongena var. Black Beauty and G. max var. Williams 82. All were cultivated in a greenhouse under conditions described in ref. 23 . S. exigua were raised on an artificial diet at 29°C and received as late first instars (Benzon Research).
Precursor Gene Identification and Cloning. GenBank registered sequences through the National Center for Biotechnology Information (NCBI) were queried with the ZmPROPEP1 sequence (40) using TBLASTN version 2.2.7 algorithm (69). Accession AC209428 encoded a predicted protein sequence similar to ZmPROPEP1, which was termed ZmPROPEP3 and corresponds to the maize locus GRMZM2G339117. Additional genes encoding orthologs and paralogs were identified by the same method; accession numbers for each are listed in Dataset S2. The gene encoding ZmPROPEP3 was cloned from Zea mays var. B73 and var. Golden Queen by previously described methods (45) . Primers used are listed in Dataset S2.
Peptide and Elicitor Treatment. A 23-aa peptide corresponding to the predicted ZmPep3 active sequence, was synthesized, purified, and authenticated at the Protein Core Chemistry Facility (University of Florida, Gainesville). Peptides for comparative experiments were synthesized via a PepScreen library (Sigma-Aldrich). All peptide sequences are listed in Dataset S2. All peptides and Gln-18:3 were diluted in water for plant treatments.
Leaf Bioassays for Analysis of Transcript and Metabolite Abundance. Assays using either scratch application of leaves on intact plants or leaf excision were performed as previously described (45) . Tissue was harvested in liquid nitrogen for RNA and metabolite analysis at time points indicated; for examination of induced volatile compounds, maize leaves were collected 16 h posttreatment, whereas soybean and eggplant leaves were collected 5 h posttreatment.
Measurement of Hormones and Metabolites. Levels of JA, indole, anthranilate, and terpenoid pools were measured using the previously described vapor phase extraction method coupled with GC/MS analysis (45, 70) . Indole levels were quantified by comparison with an external standard curve. ET emitted by leaves was measured by GC using a standard curve as previously described (23) . Benzoxazinoids were extracted from freeze-dried tissue collected 48 h posttreatment using 49:1 methanol:acetic acid and analyzed by C18 HPLC using 2-benzoxazolinone (Sigma-Aldrich) as an internal standard (45) .
RNA Isolation and qRT-PCR and Microarray Analyses. RNA isolation, cDNA synthesis, and qRT-PCR analysis were performed as previously described (66 Insect Herbivory and Attraction Bioassays. To observe effects of elicitorinduced defenses on larval growth, intact leaves were scratch wounded and treated. Forty-eight hours posttreatment, preweighed early third instar S. exigua larvae were placed on leaf material, and after 18 h were weighed again. Attraction of C. marginiventris was determined in two experiments. First, a six-arm olfactometer was used to compare the attractiveness of water, Gln-18:3, and ZmPep3-treated leaves as described (72) . Ten independent replicates were carried out, each consisting of 24 wasps that were released in groups of six.
Statistical Analyses. Statistical analyses ANOVAs were performed on quantified levels of phytohormones, benzoxazinoids, volatiles, and qRT-PCR transcripts. Treatment effects were investigated when the main effects of the ANOVAs were significant (P < 0.05). Tukey tests were used to correct for multiple comparisons between control and treatment groups. Before statistical analyses, qRT-PCR transcript data were log transformed, whereas metabolite data were subjected to square root transformation to compensate for elevated variation associated with larger mean values. Analysis was accomplished with JMP 4.0 statistical discovery software (SAS Institute). Parasitoid choice was evaluated using a log-linear model as previously described (72) . differences between mean values (n = 4, ± SEM; all ANOVAs, P < 0.001; Tukey test corrections for multiple comparisons, P < 0.05).
